This paper presents a system architecture for structuring and manipulation of Building Information Models (BIM), threedimensional (3D) geospatial information, point clouds and time series data obtained from sensors. The system consists of four layers including data pre-processing, data structuring and storage, system interface and front-end data manipulation. To enable the integration of different data, a unified UML model is developed. The paper explains all steps of 3D reconstruction, BIM georeferencing, storage of spatial data and visualisation. Special attention is given to the integration of sensors data. The data model and the system architecture are tested for a university campus. The results demonstrate an approach for BIM-GIS-Sensor integration as part of Precinct Information Modelling (PIM). The system architecture allows for a flexible structuring and manipulation of different spatial data towards managing various 3D spatial and non-spatial data.
INTRODUCTION
Recent advances in technology allow for a quick collection of 3D data and reconstruction of 3D realistic models (Sequeira et al., 1999 , Suveg , Vosselman, 2004 . These come in addition to detailed 3D BIM models, which are becoming increasingly available. This results in a strong demand for the integration of these data with the existing GIS solutions (Amirebrahimi et al., 2016 , Isikdag , Zlatanova, 2009 , El-Mekawy ,Östman, 2010 , El Meouche et al., 2013 , Ohori et al., 2017 . Such integration can enable the connection between a geometrically and semantically rich model like BIM and georeferenced spatial information which model successfully outdoor information. There have been several approaches tackling this problem and dealing with some of the main components (Irizarry et al., 2013 , Kang , Hong, 2015 . However, data and models are scattered in different file formats and maintained by different departments and institutions, which complicates the update and analysis of data.
Apart from GIS and BIM, various other geospatial data are also available and could be interconnected in some way. A typical example are point clouds (Dore , Murphy, 2012) and sensors real-time information (Park et al., 2016) which could be also integrated with 3D models. This can be extremely beneficial for precinct information modelling -PIM (Trubka et al., 2016) combining and analysing all possible geospatial information in one place.
In this paper, we propose a system architecture for structuring and manipulation of BIM and 3D GIS data as part of PIM, as well as the integration of sensor information with these data. The paper is organised as follows: Section 2 explains briefly the system architecture. In Section 3, the unified UML data model is showed supporting integration of different data. The * Corresponding author case study is presented in Section 4. Section 5 highlights the conclusions and future work suggestions, where potential aspects that needs improvement are identified.
SYSTEM ARCHITECTURE
Spatial data can come from different sources, as 2D or 3D, and in different file formats such as Open Street Map, IFC, CityGML, Shape, DXF. It can have different types of geometry (e.g., point, line, polygon, solid, point cloud), and attributes. In order to put in place a system that manages geospatial data in a consistent and coherent way, an appropriate data model and a system architecture are needed. This paper elaborates on a system architecture considering four major layers namely data preprocessing, data storage and structuring, interface and front-end.
The first layer covers the preprocessing steps which are necessary to bring the input data in a structured way. The most common steps are related to geometric cleaning and editing, creating 3D representations, georeferencing, and attributes extraction.
The second layer relates to structuring of data and database organisation. This layer could be considered as the most important one, bringing together different spatial data in one organised data structure. Therefore, we propose a unified UML data model establishing all necessary connections between various data sources.
The third layer represents an interface that establishes a connection between the database and a front-end application. This component enables querying, processing and update of structured data.
The fourth and last component of the system architecture explains the front-end layer. Within this layer data visualisation and manipulation could be performed.
DATA MODEL
In this section, we describe the 3D unified model at precinct scale, which encapsulates classes from both the CityGML and IFC standards. PIM has been firstly introduced in the study for the Australia CRC for Low Carbon Living (Newton et al., 2013) and we continue to use this appellation in our work.
To build the PIM, all classes and related concepts are based on the CityGML and IFC. The principle used is: overlapping concepts were merged, new objects are created in some cases to ensure capturing of both indoor and outdoor objects, and spatial relationships between the objects are redefined. Unified Modeling Language (UML) is used for representing objects and relationships between them.
Due to most of outdoor objects being similar to the CityGML thematic classes, we have adopted them in the PIM. The following thematic models are presented in an integrated model: Building, Sensor, Vegetation, CityFurniture, LandUse, Transportation, and Terrain.
In order to enhance the readability of the UML diagrams, classes are depicted in different colours considering different standards and data sources. Classes in green colour are adopted from IFC4 (Liebich, 2013) and their class names are preceded by the prefix Ifc, classes coloured in yellow belong to the CityGML thematic classes, while in purple objects which represent sensors and statistic datasets are showed. Figure 1 highlights the conceptual design of PIM where different colours are used to represent different elements which are briefly described below. The base class of all above thematic classes in our PIM is the abstract class Object, which is an abstract class and provides generic attributes (e.g., ID, creation and termination date for the management of histories of objects) of all kinds of objects in PIM. Class ExternalReference in Figure 1 represents a link to any possible external information, through which, rich data (such as energy) can be imported into our model to strengthen understanding of resource management. Subclasses of Object comprise several different thematic fields corresponding to practical built environment. In terms of abstract Building, it covers both CityGMLBuilding and IfcBuilding model (The detail of these two models can be found in our supplementary material.). On the other hand, Sensor as an abstract subclass of Object may have linking attributes referenced to building or room objects.
CASE STUDY
As a case study area, the UNSW campus is selected. Among all available data, we have concentrated on four types: point clouds, GIS (e.g., 2D or 3D spatial data), BIM and sensors information. The UNSW campus is located on a hill, which requires correct representation of all objects with respect to the terrain. Therefore, the height values of all objects are preprocessed to fit the terrain surface. The total number of buildings is 96 as 6 of them have a BIM model. LOD1 is created for all buildings, where these simplified buildings representations are suitable for establishing the link to some of the sensor data. The sensor data ( Figure 2 ) come from Greensense system 1 (i.e., energy consumption per building) and MyAir system 2 (i.e., air quality data) are used. Point clouds of the UNSW campus are obtained from ELVIS 3 online system. Archibus 4 data, storing metadata of rooms, are used as an external reference to collect some additional attribute to rooms of buildings.
The identified system architecture for this project is presented in Figure 2 . As mentioned before, data preprocessing is the first step to bring different data together. Since most of the identified GIS data is mainly in 2D we reconstruct 3D objects from it. Rhinoceros 5 (with Grasshopper) is used to perform the entire reconstruction. We import BIM (obtained as IFC files) models using the IFC++ 6 library and process the geometric, topological and semantic information using CGAL library (cgal Project, 2016) .
PostgreSQL is selected to store and structure the data (Postgresql, 2019) . Structuring of identified spatial and non-spatial data is a key component of the system architecture.
Considering the unified UML model connections between the identified data are established. The fourth layer of the system architecture involves defining the interface. Thus, Geoserver is used for manipulation of 2D data and simple 3D models on the web. For visualisation of more complex 3D models, py3dtiles library is used (Oslandia, 2019b) as part of LOPoCS server (Oslandia, 2019a) . In this way, all previously structured data can be obtained from the database and forwarded to the web-visualisation layer.
In terms of desktop visualisation, QGIS is used (QGIS Development Team and others, 2016), while for web visualisation Cesium platform is selected (Cesium, 2019a) . Thus, users can visualise BIM models and spatial information via different platforms.
Data preprocessing
Data preprocessing is a key step to bring the identified 2D/3D geospatial data into a data structure as implemented in the database.
As mentioned above, we need to identify the third-dimension for 2D data. As a main source for this process, a terrain generated from point clouds is used. Thus, data representing BIM models, 2D floorplanes, roads, green areas and trees are draped to the terrain. For visualisation purposes, 3D reconstruction of buildings is also performed.
The following section presents the 3D reconstruction of buildings (LOD1 according to CityGML), streets, green areas, trees, and their integration with a Digital Terrain Model (DTM). Also, the process of BIM and GIS integration is presented discussing the steps of how to store IFC models into a database and address the georeferencing problem.
GIS Object pre-processing
The automatic reconstruction of 3D building models was investigated by many researchers in the last two decades (Gruen et al., 1995) . The main concept involves capturing building roofs and footprints at the required detail and accuracy to generate a 3D representation (Haala , Kada, 2010) . At the same time, 3D urban models should not only contain 3D buildings, but also 3D terrain, especially for hilly places, since buildings and other objects are presented on it (Li et al., 2004) . In this work, buildings, roads/streets, green areas and terrain are considered for the reconstruction, and trees are integrated with the terrain surface. It should be noted that all data mentioned below is geo-referenced and transformed (aligned) in the same coordinate system.
Terrain reconstruction
The terrain is reconstructed into two steps: 1) initial terrain is built based on point clouds and 2) terrain is re-calculated considering of all objects. To avoid topological issues (e.g., 3D objects partially floating over or sinking into the terrain) the terrain needs to be rebuilt by using the terrain intersection curve (TIC) (Gröger et al., 2012) as constraints. Constrained Delaney Triangulation (CDT) is used for this purpose, which is built by using the vertices of TIC as Points and its edges as Breaklines. This type of terrain is relative simple (contains the min number of triangles) and is more appropriate for large precinct areas.
3D buildings reconstruction
For the purpose of this project we concentrated on reconstruction of LOD1 buildings. We use 2D footprints of buildings and point clouds as inputs to obtain the needed models. Point clouds are utilised to (i) compute heights of buildings and (ii) generate the initial terrain. The process of 3D building reconstruction and integration with terrain consists of four steps as follows:
• Extracting and generating the initial terrain from point clouds;
• Projecting building footprints to the terrain;
• Setting height for side surfaces representing walls;
• Constructing roof and floor based on the extruded and projected footprints, respectively;
• Merging roof, walls, and floor as enclosed volumes to represent 3D buildings.
Surface objects and terrain integration
In this project, roads and green areas are two types of surface objects. The original data is 2D footprints (polygons). We reconstruct them into 3D surfaces (rather than 2D polygons) by draping their footprints on the terrain. Using this approach, we ensure that these object follow the terrain and therefore do not partially float over or sink into the terrain. The reconstructed surface objects also follow the LOD1 concept of CityGML.
Trees and terrain integration
Trees in this work are represented as discrete points (i.e., one tree is one point). The initial points of trees are distributed on the same XY plane. Therefore, we project points modelling trees to the terrain.
BIM pre-processing
The integration of BIM and GIS environment is known to be a challenging process (Liu et al., 2017) . Here we want to address the geo-referencing issue which allows to geometrically align BIM and GIS models in a same environment. Usually BIM models are coming from the Computer Aided Design (CAD) world and focus on the entities that they represent. Thus, when it comes to coordinate systems, their geometry is described in relation to the local coordinate system of the software used to generate them. The general method to solve this problem is to manually select identified corresponding points between a geo-referenced support and the one not geo-referenced, and the adapted affine transformation is sought. Because it is not always possible to find corresponding points easily, we adopt an automatic approach that allows to project BIM geometries onto the Coordinate Reference System (CRS) of a map. The method involves finding corresponding points between a geo-referenced footprint and a BIM model of the same building. After that, the affine transformation is applied identifying the translation and rotation for the BIM model. Since BIM is an aggregation of several 3D objects, we use 2D convex hull of the projected IFC geometries. Similarly, we compute the convex hulls of the available 2D features coming from Open Street Maps (OSM). Since the transformation that we are seeking is affine, we convert the coordinates of the map features from degrees to meters. In order to find the affine transformation, we combine two approaches: the approximative rigid matching of (Goodrich et al., 1999) and the closed-form absolute orientation method of (Horn, 1987) . Figure 3 shows a geo-referenced BIM model after applying identified affine transformation.
It is worth to mention that the precision of our automatic geo-referencing method depends on the 2D map feature used. When the latter fits well to the projected IFC geometries, centimetre accuracy can be reached for the position matching.
In the model in Fig. 3 , the maximum error between the matched shapes is of 1.2m. This is because the OSM polygons do not fully correspond to the real projection of the building. Thus, for a better precision, it is recommended to rely on more accurate map features.
Thanks to this process, the retrieved geometric information from the BIM models are put in their correct geographical context and stored along with their semantic information in the database. This enables querying the necessary information from the GIS interface.
Data structuring and storage
Based on the conceptual design for PIM in Section 3, we develop our own PIM for the UNSW campus modelling all objects we have.
In Figure 4 , the subclasses of CampusObject comprise different thematic classes, in the following covered by separate thematic data models: building model ( Among all thematic classes, the building class is the special one consisting of GIS, BIM and sensor data in our PIM. To build a unified building data model, all classes with their concepts are collected from both CityGMLBuilding and IFCBuilding.
We list all the attributes of each class and the relationships established by corresponding attributes. For instance, CO2 (carbon dioxide) emission of some rooms is presented through mapping between "ifc name" in IfcBuilding and "room" in Air Quality. However, matching semantics between ontologies originally designed independently of each other is to expect.
Employing Spatial Relational Database Management System (Spatial-RDBMS) is the state-of-the-art solution to store and manage complex 3D city/urban model. Spatial-RDBMS which the open source software PostgreSQL supports with the help of PostGIS extension (Postgis, 2019) has extensive capabilities in handling 3D spatial data and managing all required geometry types and provide means for proper spatial indexing as well as for geometric and topological analyses. For example, volumes from the IFC models or 3D reconstructed models can be represented as POLYHEDRALSURFACE objects.
Each data type contains a spatial reference identifier (SRID) to describe the coordinate system as well. Using POLYHEDRALSURFACE over other possibilities (e.g. MULTIPOLYGON Z) allows the use of more PostGIS geometric functions with the SFCGAL extension (Oslandia, 2019c) . Following is a data interaction example via QGIS which shows the coherent semantical-geometrical modelling. In this example, we try to search all buildings which are within 100 meters from the Red Centre building. The SQL query and visualisation result can be seen in Figure 6 . Query results are in white.
Interfaces and front-ends
Interfaces enable connection between a database and a web or desktop application. Geoserver is the most famous sever for establishing a web-server connection. It enables fast creation of Web Feature Services (WFS), which store and structure spatial and non-spatial information within it. However, visualisation of complex 3D data such as BIM models becomes too slow. The problem is related to the way of handling 3D spatial data, which is the same as for 2D data, i.e., neglecting the complexity in z-direction. Therefore, we have used 3D Tiles as suggested by Cesium platform. The main idea behind it is to create chunks of data (tiles), which can be loaded separately in a web application. Geoserver uses geojson files which requires parsing of every character, while 3D Tiles are files, which are space-efficient and quicker to read. 3D Tiles exist in two formats. The first can store multipolygons or solids (i.e., b3dm files), while the second one can save only point cloud data (i.e., pnts files). Currently, LOPoCS server enables distribution of pnts files to a web application. For b3dm files, the server does not provide support yet. As a result, b3dm files representing 3D geospatial data are just exported using the py3dtiles library.
BIM models, 3D extruded buildings, terrain and roads are exported from the Spatial RDBMS and organised as b3dm files. Geoserver is used for data which are represented as points in the database like trees as well as for sensor data.
Visualisation
Data visualisation is an important component of the system architecture, providing an option to users to interact with the data. In this regard, Cesium and QGIS are selected for web and desktop visualisation, respectively.
Cesium is currently the only option for visualisation of geospatial 3D content on the web. It is recommended platform for visualisation of 3D GIS and BIM (Chen et al., 2018 , Cesium, 2019b . Cesium is currently the only free 3D globe environment to visualise 3D objects. It also provides an option to select a terrain (Cesium World Terrain) , which provides to some extent a realistic representation of the ground in 3D. However, this option is not used due to discrepancies with the terrain generated from point clouds. Cesium also provides an option to style the geospatial data for different time periods creating animation-like visualisation. In our case, we use this option for energy consumption visualisation of several buildings, and for air quality presentation within some rooms.
An example of such time-lapse animation is presented in Video 1 7 . In the left-top corner, a panel with different datasets is positioned where users can select different datasets to present them on the globe. Feature selection presenting its attributes is enabled as well.
The option for desktop visualisation is QGIS. It has been predominantly used for analysis, manipulation and visualisation of 2D content. However, several options exist to visualise 3D content, one of them is made possible with the version 3. To illustrate the advantage of the unified model and the management of integrated DBMS, we have executed, in the following text, several queries within QGIS.
Visualisation cases
As previously mentioned, Cesium provides a terrain to users which is not correct for several meters and this difference is not consistent for one area. Therefore, the terrain built from point clouds is used and all other geospatial content is aligned with it. In this way, the absolute position of all 3D objects is presented in space.
A few available BIM models of the UNSW campus are brought into the integrated BIM-GIS system. Some of the identified models are more complete having more features to load up, while others have only building exteriors. For example, the size of the BIM before the import into the database for the Round House building is 227 MB, while the BIM for Dalton building is only 2 MB. BIM models' features are predominantly represented with fewer colours and no texture (Figure 7) . In QGIS, the BIM models are visualised with some basic styling (Figure 8 ). The dataset representing trees is visualised as 3D points in Cesium and QGIS. In terms of Cesium, a request is sent to Geoserver creating a WFS out of the data, which content is automatically visualised on the Cesium globe using geojson file format.
The point clouds are streamed using LOPoCS server directly to Cesium. The data is a combination of LiDAR data and high-resolution images downloaded from Google Earth creating coloured point clouds ( Figure 11 ). They have been imported in the Spatial-RDBMS as well, but they have been maintained as separate record, not related to the 3D objects. To create the 3D Tiles 2D subdivision is performed by the server. However, this approach is not particularly suitable for points which are distributed in Z direction. Figure 11 . Visualisation of coloured point cloud (approximately 1 million points).
Time-related data visualisation and animation
There are two data types showing changes through time for a specific parameter. Thus, energy consumption is shown for four buildings considering a period of three months (i.e., October -December 2018) downloaded from the Greensense system ( Figure 12 ). Based on this, the timeline in Cesium is set up to show this period, in which case users could drag the time cursor left or right to a specific period. The time is speeded up 900 times compared to real one. The main reason behind that is the timestamp of the collected data of 15 minutes (i.e., 900 seconds). The identified range is between 0 (dark blue colourno consumption) and 450 (red colour -high consumption), and it is used to style the extruded buildings.
Regarding the air quality data, which are obtained from the MyAir system, the timestamp is the same. The data present CO2 coming from 54 sensors placed in the same number of rooms in the Red Centre (West Wing) building (Figure 13 ). Data are only available for December 2018. In this case, spaces representing rooms are styled based on the identified minimum (375) and maximum (1450) value from the data as well as the current measurement.
CONCLUSION AND FUTURE WORK
In this paper, we present a system architecture for structuring, analysis and visualision of BIM, 3D GIS, point clouds and sensor data. The system consists of four layers, where several software packages, in-house software tools and libraries are used to preprocess the data, Postgres database and its extension PostGIS are used to store the data, Geoserver and LOPoCS server are utilised to provide web services, Cesium platform is used to visualise the content on the web and QGIS is used to query, edit and visualise data on desktop. Overall, the approach enables successfully BIM-GIS-Sensor integration.
Our experiments clearly revealed that the complexity of TIC and terrain are mutually dependent. That is, a detailed terrain can lead to more complex TIC and the complex TIC can bring more details to the re-built terrain. Specifically, the TIC is computed based on the initial terrain, while the CDT for the new terrain is taking the vertices of TIC as Points and its edges as Breaklines constrains. At this stage, we have considered only LOD1 objects and their terrain intersection curves. Further research is needed to investigate the link between terrain and LOD2 and LOD3 objects.
Organising BIM models in Spatial RDBMS is not only possible but also beneficial for the integration with any other information such as sensor data. Storing BIM models in a database gives the opportunity to query a subset of data to view/analyse, which is a prerequisite for its flexibility and efficiency. Our approach also ensures automatic georeferencing prior the import in the database. Future work will concentrate on developing a data structure, which can represent the hierarchy of BIM models considering the properties of all construction components, and allow to establish more references between the BIM models and the outdoor objects such as terrain, roads and trees as well as to enable more elaborated analysis.
We expect that such system architecture will have advantages in facilitating storage, manipulation and exchange of data. However the integrated model is on a very preliminary stage. New applications would pose challenges to the object type and their relationships and attributes. It is inefficient to keep modifying classes. Modularity and extensibility should be leading in the further work on the conceptual model. As the amount of BIM models increases, we need to strengthen the scalability of that data model as well.
In this research we have used freeware servers, but they still require further developments to serve an integrated BIM-GIS-Sensor model properly. The capabilities of LOPoCS server are currently insufficient and should be extended to support real-time distribution and manipulation of b3dm tiles. At the same time, the server should be able to provide support for Insert, Update and Delete of information coming from the client side. As mentioned bofere, the subdivision of space in Z direction to create 3D Tiles can be beneficial for BIM models and point clouds.
Spatial-RDMS as Postgres and its extensions provide a rich set of data types, indexing approaches and geometric functions and operations. However the front-end such as Cesium make a little use of this functionality. Cesium should be able to provide a direct connect to the database and benefit from the data structure.
